Results from hybrid density functional theory calculations on the thermodynamic stability and optical properties of the Zn vacancy (VZn) complexed with common donor impurities in ZnO are reported. Complexing VZn with donors successively removes its charge-state transition levels in the band gap, starting from the most negative one. Interestingly, the presence of a donor leads only to modest shifts in the positions of the VZn charge-state transition levels, the sign and magnitude of which can be interpreted from a polaron energetics model by taking hole-donor repulsion into account. By employing a one-dimensional configuration coordinate model, luminescence lineshapes and positions were calculated. Due to the aforementioned effects, the isolated VZn gradually changes from a mainly non-radiative defect with transitions in the infrared region in n-type material, to a radiative one with broad emission in the visible range when complexed with shallow donors.
I. INTRODUCTION
Zinc oxide-a II-VI compound semiconductor with a wide direct band gap of 3.44 eV 1 -has been studied quite extensively over the past decade. Its unique optical and electrical properties, including an exceptionally large free exciton binding energy of 60 meV, make it attractive for optoelectronic devices. An ongoing issue holding back this development, however, is the lack of stable and reproducible p-type ZnO material. A prerequisite for a successful application of any semiconductor is a good understanding of native defects, common impurities, dopants and their interplay. To this end, unambiguous spectroscopic identification of key defects is essential.
Using photoluminescence (PL) spectroscopy, several broad luminescence bands peaking in the visible part of the emission spectrum have been observed, both in as-grown and processed ZnO samples. These bands are known to originate from deep level centers, but very few have been unambiguously identified. One example is the characteristic red luminescence band, hereby referred to as the RL 2 , peaking at about 1.8 eV and exhibiting a low activation energy of thermal quenching of 10-20 meV [3] [4] [5] [6] [7] [8] [9] . The RL has been the subject of numerous experimental studies as its intensity can be raised significantly via highenergy electron irradiation at room temperature (RT) [3] [4] [5] [6] . While a number of native defects have been invoked as candidates, a large body of evidence has accumulated towards a donor-acceptor pair (DAP) transition involving the V Zn acceptor and a residual shallow donor [4] [5] [6] [7] . However, the exact configuration and nature of the defect responsible for the RL remains elusive.
V Zn is the dominant native acceptor-type defect in ZnO 10 , acting as a compensating center in n-type material. Moreover, V Zn can trap a localized hole polaron on each of its four nearest-neighbor O ions 11, 12 . Previously, we have shown that subsequent electron capture by V Zn can give rise to broad luminescence bands in the infrared (IR) part of the emission spectrum in n-type material, although the transitions are predominantly most likely nonradiative 12 . In the present work, we investigate the thermodynamic and optical properties of V Zn complexed with shallow donor impurities that are commonly present in as-grown ZnO crystals, namely H, Al, Ga and Si. Specifically, we have studied (V Zn Al Zn ), (V Zn Ga Zn ), (V Zn Si Zn ) and (V Zn nH) with n=1,2,3, as well as three complexes with a combination of different donors, namely (V Zn Al Zn H), (V Zn Al Zn 2H) and (V Zn Si Zn H). Many of these V Zn -donor complexes have already been identified in processed ZnO samples by electron paramagnetic resonance (EPR) 4, 5, [13] [14] [15] and infrared (IR) spectroscopy [16] [17] [18] [19] [20] . Our theoretical predictions are consistent with such experimental data, and, importantly, provide a guide for future studies of the broad luminescence bands observed in ZnO, and identification of V Zn -donor complexes.
II. METHODOLOGY
A comprehensive description of the employed firstprinciples methodology and computational details can be found in Ref. 12 . A brief summary is given here.
Unless specified, all calculations were based on the generalized Kohn-Sham theory with the Heyd-ScuseriaErnzerhof (HSE) 21 hybrid functional and the projector augmented wave method [22] [23] [24] , as implemented in the VASP code 25, 26 . The amount of screened Hartree-Fock exchange was set to α = 37.5%, giving band gap (3.42 eV) and lattice parameters (a = 3.244Å and c = 5.194 A) in excellent agreement with experimental data 1,27 . Defect calculations were performed using a 96-atom-sized supercell, a plane-wave energy cutoff of 500 eV, and a special off-Γ k -point at k = ( 28 . Ionic relaxation was carried out consistently with the hybrid functional, and spin-polarization was explicitly included.
Defect formation energies and thermodynamic chargestate transition levels were determined by following the standard formalism 29, 30 34, 35 , shown in Fig. 1 , where the configuration coordinate Q connects the initial and final states. The parameters that enter the model are the effective phonon frequencies Ω g/e , the zero phonon line (ZPL) energy E ZPL and the change in configuration coordinate ∆Q, all of which are obtained from the hybrid density functional theory calculations. Within the classical Franck Condon approximation, emission (em) and absorption (abs) energies may be defined as E em = E ZPL − ∆E g and E abs = E ZPL + ∆E e , respectively. Here, ∆E g and ∆E e are the ground (g) and excited (e) state relaxation energies, often referred to as Franck-Condon shifts. Finally, Huang-Rhys (HR) factors 35, 36 describe the average number of phonons that are involved in a transition, and can be expressed as S g/e = ∆E g/e /hΩ g/e for emission/absorption. The effective one-dimensional CC model is a good approximation for defects with strong electron-phonon coupling (large HR factors), as numerically shown in Refs. 34 and 37, and this is indeed the case for V Zn in ZnO 12,34 .
III. RESULTS AND DISCUSSION
A. Defect complex configuration V Zn is tetrahedrally surrounded with a dangling O 2p bond at each corner. In the neutral charge-state, V 0 Zn has two holes, which occupy polaronic states on the nearestneighbor O ions, and can be filled by electrons. By forming a complex with V Zn , a donor may directly supply one or both of these electrons. Thus, e.g., (V Zn 2H) 0 will be neutral with all defect levels filled. As shown in Fig. 2 (i) Complexing V Zn with donors successively removes its charge-state transition levels in the band gap, starting from the most negative one. Al Zn , Ga Zn and H are single donors and remove one transition level, while Si Zn is a double donor and removes two transition levels. If the number of donor electrons exceeds two, the complex becomes a donor with characteristics similar to those of the isolated donor. For instance, (V Zn 3H) becomes a shallow single donor where the third donor electron occupies a hydrogenic effective mass state just below the CB 41 .
(ii) Similar to V Ga -donor complexes in GaN 42 , the thermodynamic charge-state transition levels of the isolated V Zn are not overly affected by the presence of donors; the respective levels shift within narrow ranges in the band gap, as indicated in Fig. 3 . Interestingly, the transition levels of complexes containing H shift down, while those containing other donors shift up, relative to the isolated V Zn levels. This behavior can be interpreted through the polaron energetics model introduced in Ref. 12 , by also considering the electrostatic repulsion between hole polarons and donors. For example, consider the (0/-) transition levels. Adding a hole polaron to V − Zn lowers its energy by the hole polaron addition energy ε 0 minus the hole-hole repulsion U hole . When adding a hole polaron to the (V Zn Al Zn ) − complex, however, U hole is replaced by the hole-Al + Zn repulsion U Al . Since Al + Zn is located outside the vacancy, U Al < U hole , and thus the (0/-) transition level of (V Zn Al Zn ) shifts up in energy, relative to the isolated V Zn . Similar arguments apply to the (V Zn H) complex; since H + resides within the vacancy, it causes the O 2− tetrahedron surrounding the vacancy to contract. As a result, the hole-H + distance in (V Zn H) 0 is significantly shorter than the hole-hole distance in V 0 Zn , and so U H > U hole , and the (0/-) level shifts down in energy. Estimating the hole-donor repulsion, the polaron energetics model can be used to qualitatively predict the energy position of the charge-state transition levels of any V Zn -donor complex, relative to those of V Zn .
For (V Zn 3H), we find that the hole-donor repulsion is too strong for a hole polaron to become trapped, i.e., (V Zn 3H) 2+ is unstable. However, based on the polaron energetics model, the hole-donor repulsion is anticipated to be smaller if one or two H + ions in (V Zn 3H) are replaced by Al Zn . For this reason, we have investigated the (V Zn Al Zn 2H) and (V Zn Si Zn H) complexes. Interestingly, we find that a hole polaron can be stabilized for (V Zn Al Zn 2H), with the (2+/+) level occurring 0.13 eV above the VB maximum. Similarly, when replacing two H + ions in (V Zn 3H) with Si
2+
Zn , the (2+/+) level of the resulting (V Zn Si Zn H) complex is located even deeper in the gap, at 0.43 eV above the VB maximum. To complete the picture, (V Zn Al Zn H) was also investi-gated. The (+/0) level of this complex occurs 0.90 eV above the VB maximum, approximately halfway between the (+/0) level of (V Zn Al Zn ) and (V Zn H) as expected.
The calculated (0/−) transition level of (V Zn Al Zn ) exhibits close agreement with recent photo-EPR data; Stehr et al.
14 detected the EPR signal of (V Zn Al Zn ) 0 only when the photon energy exceeded ∼2.4 eV. Based on the CC model, we obtain a classical absorption energy of 2.54 eV. However, the absorption onset will be lower due to vibrational broadening 37 . To enable a more valid comparison, we have simulated the absorption profile, including vibrational broadening, by following the scheme outlined in Ref. 43 . As shown by the relative comparison in Fig.  4 , the resulting absorption profile is in good agreement with the photo-EPR data 14 . Moreover, Stehr et al.
14,44
detected a signal from the isolated V − Zn under illumination with photon energies exceeding ∼2.1 eV. If one assumes that the vibrational broadening for (V Zn Al Zn ) and V Zn is similar, the experimental data suggest a difference of ∼0.3 eV between the (0/−) level of (V Zn Al Zn ) and (−/2−) level of V Zn , which is in good agreement with our calculations (0.40 eV) and consistent with the polaron energetics model (U Al < U hole ). The calculated (0/−) transition level of (V Zn H) similarly exhibits close agreement with photo-EPR data by Evans et al. Photon energy (eV) Absorption (arb. units)
FIG. 4. Simulated absorption cross section for (VZnAlZn)
− , and EPR signal of (VZnAlZn) 0 as a function of the photon energy of light illumination 14 . The peak of the calculated profile is normalized to the maximum EPR data point.
C. Defect complex thermodynamics
An important question is whether V Zn -donor complexes are likely to be present in as-grown ZnO samples and not just in post-growth processed ones, and if they are stable at RT. A stable complex implies that the defect reaction to form the complex lowers the total energy, i.e., the defect complex must have a positive "removal" energy. The removal energy is defined as the difference in formation energy between the defect complex and the isolated constituents (in their most stable configuration) when one donor is removed from the complex. For instance, the removal energy of (V Zn 2H) is given by
which is well defined, as all terms in the equation pertain to the lowest-energy charge configuration for n-type conditions. The removal and formation energy of the V Zn -donor complexes and their constituents, for n-type conditions (ε F at CBM), are provided in Table I . In the case of V Zn -donor complexes with a combination of different donors, the energy for removal of H is given. The removal energies of (V Zn Al Zn ), (V Zn Ga Zn ), (V Zn H) and (V Zn 2H) are in good agreement with previous HSE calculations by Steiauf et al. 45 and Lyons et al. 46 . All the removal energies are positive and large, meaning that the complexes are expected to be stable at RT. However, assuming thermodynamic equilibrium at the growth temperature, a positive removal energy does not necessarily mean that a sizable fraction of constituents will form complexes during materials growth 47 . This is because complex formation generally lowers the configurational entropy. In order for the equilibrium concentration of a defect complex to be larger than that of either constituent, its formation energy should generally be lower than that of both constituents 30, 47 . Considering the intermediate formation energies given in Table I (the O-rich/poor limits are not usually accessed during materials growth), most of the V Zn -donor complexes have a formation energy that is lower than or at least comparable to that of their constituents. Consequently, such V Zn -donor complexes, and especially the (V Zn nH) ones, are likely to form even during materials growth. Note that the complexes may also form under non-equilibrium conditions. For instance, if the individual constituents are incorporated during growth, complexes can form during cooldown 47 . In this scenario, formation of complexes involving H is anticipated to take place rapidly, because of the high mobility of H i even at RT
40,48-50
The absolute and relative concentration of different V Zn -donor complexes will depend on the synthesis method used, governed by the presence of V Zn and impurities during the growth. Indeed, according to secondary ion mass spectrometry (SIMS) data 51 . In addition, EPR measurements show that the concentration of isolated V Zn in MG ZnO from Cermet inc. is below the detection limit of 1 × 10 13 cm −3 14 . This indicates that: (i) very few V Zn 's are formed during materials growth for these techniques, and/or (ii) most V Zn 's are saturated with donors, e.g., (V Zn 3H), and thus not detected using PAS and EPR. The latter interpretation is strongly favored by the data in Table I .
D. Defect complex luminescence
Optical transitions involving electron capture from the CB by (V Zn Al Zn ), (V Zn Si Zn ), (V Zn H), (V Zn 2H), (V Zn Al Zn 2H) and (V Zn Si Zn H) have been explored. The effective parameters for all transitions are provided in Table II. We find effective normal-mode frequencieshΩ g/e between 22 and 33 meV, total mass-weighted distortions between 2.6 and 3.9 amu 1/2Å , and Huang-Rhys factors between 24 and 37 for these V Zn -donor complexes. Moreover, we obtain quite consistent relaxation energies for V Zn and the V Zn -donor complexes, which is reasonable because the atomic movement is roughly the same in every case, i.e., hole capture is always accompanied by a distinct outward relaxation of the O − ion 12 . We focus on PL experiments carried out at low excitation intensities, and thus restrict the following discussion to transitions involving electron capture by complexes with a single trapped hole polaron. The resulting luminescence lines are shown in Fig. 5 . As indicated in the figure, complexing V Zn with donors effectively shifts its emission from the infrared region towards the visible range of the spectrum. The main origin of this shift is the electrostatic repulsion between the hole polaron and donor, and its magnitude depends on the nature, configuration and number of donors in the complex. For instance, the emission from (V Zn H) shifts to a higher energy than (V Zn Al Zn ), mainly because U Al < U H (see Sec. III B). Notably, the calculated luminescence lines for (V Zn 2H), (V Zn Al Zn 2H) and (V Zn Si Zn H) are predicted to peak in the visible part of the spectrum. However, the two latter complexes have not been identified experimentally. Moreover, they are positively charged in the ground state, which is likely to have a significant impact on their ability to capture photogenerated holes.
During PL experiments carried out at low excitation intensities, photogenerated holes are more likely to be captured by defects with large nonradiative hole capture coefficients like Li Zn 59 . For this reason, the classical barrier for nonradiative hole capture from the VB (E b ) is included in Table II . As shown in Fig. 1 , this barrier corresponds to the energy required to reach the crossing point between the two potential energy surfaces, i.e, the point where their vibronic coupling is most efficient. Based on the calculated E b values, one can expect the intensity of the luminescence from, e.g., (V Zn 2H) to be higher than that of (V Zn Al Zn ), since hole capture is anticipated to take place rapidly for (V Zn 2H). Furthermore, it should be pointed out that the transitions involving electron capture from the CB by
and (V Zn Si Zn ) + may have significant nonradiative components; the classical barrier for nonradiative electron capture E A2 (as shown in Fig. 1 ) is only 0.09 12 , 0.31, 0.42 and 0.60 eV, respectively. These will be lower in the quantum treatment 59 , and so the luminescence from an isolated V Zn 12,60 and V Zn complexed with a single donor might be weak in reality. Indeed, nonradiative recombination is usually stronger than radiative recombination at low emission energies 37, [60] [61] [62] . Note that nonradiative processes do not interfere with absorption.
E. The red luminescence band
Finally our theoretical predictions are discussed in light of experimental data by Kappers et al. 4 , Knutsen et al. 6 and Vlasenko et al. 3 , where the aforementioned RL emerges after high-energy electron irradiation:
(i) Kappers et al. 4 carried out a PL and EPR study of VP grown EaglePicher ZnO samples before and after irradiation with 2.0 MeV electrons at RT. After irradiation, the carrier concentration was reduced by three TABLE II. Effective parameters for the calculated luminescence transitions; total mass-weighted distortion (∆Q), ground-and excited-state normal mode frequencies (hΩ g/e ), classical absorption and emission energies (E abs/em ), ZPL energy (EZPL), peak position (PP), full width at half maximum of the luminescence band (FWHM), ground-and excited-state Huang-Rhys factors (S g/e ) and classical barrier for nonradiative capture of photoegenerated holes (E b ). The minor discrepancy between Eem and PP is caused by the additional energy term 1 2h
(ωe − ωg) in the quantum treatment within the harmonic approximation, as well as the slight anharmonicity of the normal modes obtained from the hybrid DFT calculations. 4, 5 . Based on these observations, the RL was assigned to a DAP transition involving the V Zn acceptor and shallow donors 4 .
(ii) Knutsen et al. 6 employed PL, PAS and Hall effect measurements to study MG Cermet inc. ZnO samples irradiated with electrons with energies below and above the threshold for displacement of Zn atoms, as well as samples annealed in Zn-rich and O-rich ambients. The RL band was assigned to a DAP transition involving V Znrelated acceptors and shallow donors. Two PL spectra from Ref. 6 , before and after irradiation by 1.2 MeV electrons, are shown in Fig. 5 . Our calculated luminescence line for the (V Zn 2H) complex is in excellent agreement with the experimental data. This is also the case for (V Zn H) +/0 (Table II) , but would require (V Zn H) − to capture two photogenerated holes in n-type material, which is perhaps unlikely for low excitation intensities.
(iii) Vlasenko and Watkins 3,63 performed a PL and optically detected magnetic resonance (ODMR) study of VP grown EaglePicher ZnO samples before and after irradiation with 2.5 MeV electrons, in-situ at 4.2 K, followed by sequential isochronal annealing. The irradiation at 4.2 K produced a broad "double-humped" IR band peaking at about 1.38 and 1.65 eV, and suppressed the donorbound exciton lines. The annealing stages were characterized by the disappearance of the double-humped IR band (∼65-150 K), emergence of the RL band (∼180-230 K), and partial annealing of the RL at RT. This strong evolution below RT suggests migration or rearrangement of point defects, where Zn 3 or H i . However, the RL is only observed to increase when the irradiation energy is above the threshold for displacement of Zn atoms 6, 67 , which strongly suggests that it is related to V Zn . EPR signals from V Zn complexed with H have been detected by several groups after highenergy electron irradiation at RT 4,5,13 . Migration of H i and trapping at V Zn , leading to growth of the RL, is consistent with this picture. Moreover, capture of a third H would account for the partial anneal of the RL at RT, which also depends on the electron dose and type of ZnO sample, as observed by Vlasenko and Watkins 3, 63 . We underline that further work is required to unravel the microscopic mechanism governing the formation of these complexes 14 . Indeed, while H is an omnipresent impurity in ZnO, most of it is expected to occur in a bound state 48 , or as "hidden" H 2 molecules 68 . One could speculate that the O i generated by the electron irradiation releases free H i via a reaction with H O 66 . The proposed defect model should also provide an explanation for the unusual thermal quenching of the RL band, starting at about 30 K with a low activation energy of 10-20 meV. Thermal quenching of PL bands caused by DAP transitions in ZnO usually occur through thermal emission of bound holes to the VB, followed by a redistribution of these holes to other recombination channels 38 . However, the activation energy for thermal quenching within this model, corresponding to E A2 in Fig. 1 , is 0.71 eV for (V Zn 2H), which is too high. Alternatively, the quenching could occur through a gradual conversion from radiative to nonradiative electron capture, but the activation energy within this model, corresponding to E A1 in Fig. 1, is 1.35 eV for (V Zn 2H) . Knutsen et al. 6 suggested that the quenching of the RL might occur via thermal delocalization of excitons bound to shallow donors that take part in the transition. By applying Haynes rule, the ionization energy of the shallow donor was estimated to be very close to the H-related I 4 line. However, as pointed out by Reshchikov et al. 8 , the efficiency of a DAP recombination is normally limited by the rate of hole capture, meaning that ionization of shallow donors is unlikely to cause the PL quenching, even though we expect hole capture by (V Zn 2H) to be very efficient (E b is only 10 meV). Knutsen et al. 6 also suggested thermal activation of a dominant nonradiative channel, but this model failed to explain why other bands quenched with different activation energies. A detailed study of the RL may be required to understand its thermal quenching behavior. For instance, PL measurements at temperatures above 300 K could be pursued in order to investigate whether a second activation energy, related to thermal emission of bound holes (E A2 ), can be observed. If (V Zn 2H) is responsible, the activation energy should be approximately 0.7 eV according to our calculations.
IV. CONCLUSION
Employing hybrid density functional theory calculations, we have shown that V Zn can form highly stable complexes with the residual shallow donors H, Al, Ga and Si in ZnO. Most of the studied V Zn -donor complexes, and particularly the (V Zn nH) ones, have a formation energy that is lower than or at least comparable to their individual constituents, meaning that they are likely to form not only during post-growth processing, but even during materials growth. However, the absolute and relative concentration of different complexes is expected to depend strongly on the synthesis method used. Importantly, the results evidence that V Zn -donor complexes can have a crucial impact on the electrical and optical properties of ZnO, and should be considered when interpreting corresponding experimental data.
Furthermore, by using an effective one-dimensional CC model, defect complex luminescence positions and lineshapes were calculated. The results show that complexing V Zn with donors effectively shifts the V Zn emission from the IR towards the visible range of the spectrum. The magnitude of the shift depends on the nature, configuration and number of donors in the complex, and can be interpreted from a polaron energetics model. Based on comparison with a compilation of experimental data in the literature [3] [4] [5] [6] [7] , the (V Zn 2H) complex is proposed as a potential origin of the high-energy electron irradiation induced RL peaking at about 1.8 eV, which is commonly believed to be V Zn -related 4, 6, 7 . Above all, our theoretical predictions provide useful input for future optical studies of ZnO, and V Zn -donor complex defect assignment.
